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Tertiary Structure of Destrin and Structural Similarity
between Two Actin-Regulating Protein Families
H. Hatanaka, K. Ogura, K. Moriyama, S. Ichikawa, actin (G-actin) and filamentous actin (F-actin) in a 1:1
molar ratio (Nishida et al., 1984), and it severs and depo-I. Yahara, and F. Inagaki
Tokyo Metropolitan Institute of Medical Science lymerizes F-actin in a pH-dependent manner (Yonezawa
et al., 1985). However, the overexpression of cofilin in3–18–22 Honkomagome, Bunkyo-ku
Tokyo 113 Dictyostelium cells rather increased the amount of intra-
cellular F-actin (Aizawa et al., 1996), suggesting thatJapan
cofilin isnot a simple actin-depolymerizing protein.Poly-
phosphoinositides such as phosphatidylinositol 4,5-bis-
phosphate (PIP2) bind cofilin and thereby interfere withSummary
the interaction between actin and cofilin (Yonezawa et
al., 1990). Recently, it has been shown that the bindingDestrin is an isoprotein of cofilin that regulates actin
of cofilin and its isoform to actin is negatively regulatedcytoskeleton in various eukaryotes. We determined
by phosphorylation at Ser-3 of cofilin (Agnew et al., 1995;the tertiary structure of destrin by triple-resonance
Moriyama et al., 1996).multidimensionalnuclear magneticresonance. In spite
When cells are exposed to heat shock or incubatedof there being no significant amino acid sequence ho-
in 10% (v/v) dimethylsulfoxide, cofilin is translocatedmology, we found that the folding of destrin was strik-
together with actin into the nucleus, where they formingly similar to that of repeated segments in the gel-
rod-like structures (Iida et al., 1986; Nishida et al., 1987).solin family, which resulted in anew protein fold group.
Dephosphorylation of cofilin is induced upon stressesSequential dissimilarity of the actin-binding helix of
prior to the translocation to the nucleus (Ohta et al.,destrin to that of gelsolin explains the Ca21-indepen-
1989). Recently, dephosphorylation of cofilin and destrindent actin-binding of destrin. Possible mechanisms of
has also been observed upon stimulation of various cellphosphorylation-sensitive phosphoinositide-compet-
types, including T lymphocytes (Samstag et al., 1994),itive actin binding, of pH-dependent filament severing,
platelets (Davidson and Haslam, 1994), astrocytesand of nuclear translocation with actin in response to
(Baorto et al., 1992), thyroid cells (Saito et al., 1994),stresses, are discussed on the basis of the tertiary
and parotid grand (Kanamori et al., 1995). These obser-structure.
vations prompt us to suppose that cofilin is a key regula-
tory protein functioning in reorganization of actin cy-
toskeletons responding to various stresses and stimuli.Introduction
In the present study, we have determined the tertiary
structure of destrin using triple-resonance multidimen-In response not only to various stimuli but also to
sional nuclear magnetic resonance (NMR) techniques.stresses such as heat shock, actin cytoskeletons are
On the basis of the tertiary structure, we will explaindramatically reorganized (Iida et al., 1986; Nishida et al.,
the Ca21-independent, phosphorylation-sensitive, and1987). A number of actin-regulating proteins (Pollard et
phosphoinositide-competitive binding of destrin to actinal., 1994; McLaughlin and Weeds, 1995) are thought to
and discuss possible mechanisms of pH-dependent ac-play key roles in the reorganization.
tin-filament severing and of nuclear translocation of des-Cofilin is a low molecular mass actin-regulating pro-
trin with actin in response to various stresses such astein (Nishida et al., 1984) that is ubiquitously distributed
heat shock.in eukaryotes from yeast to mammals, and destrin is an
isoprotein of cofilin detected in avian and mammalian
tissues (Nishida et al., 1985). They belong to a family of
actin-regulating proteins that includes actin depolymeri- Results
zation factor (ADF; Bernstein and Bamburg, 1982), acto-
phorin (Cooper et al., 1986), depactin (Mabuchi, 1983), Assignments and Structure Determination
Backbone sequential assignments for destrin were ob-and Unc-60 (McKim et al., 1994). Abp-1 also includes a
homologous domain as well as a Src homology 3 domain tained by a strategy using a combination of six triple-
resonance measurements, 3D HN(CO)CA, HNCA, CBCA(Drubinet al., 1990). Cofilin is the unique actin-regulating
protein that has been shown to be essential for cell (CO)NH, CBCANH, HBHA(CO)NH, and HN(CA)HA. As-
signments for Ca, Cb, and Ha chemical shifts were com-viability in Saccharomyces cerevisiae (Moon et al., 1993;
Iida et al., 1993) and Dictyostelium discoideum (Aizawa plete except for the extrinsic N-terminal 10 residues (see
Experimental Procedures), whose assignments of otheret al., 1995). Its homologs have been shown to be corre-
spondingly essential in Caenorhabditis elegans (McKim chemical shifts were also quite incomplete, and Cys-23
Ca. The N and HN chemical shifts of Ala-2, Cys-23, Ser-et al., 1994) and Drosophila melanogaster (Gunsalus et
al., 1995). In addition, the lethality associated with yeast 24, Ala-42, Thr-65, Asp-66, Gly-130, and Ser-155 could
not be assigned, possibly due to local exchange broad-cofilin-deletion mutants has been rescued by expres-
sion of mammalian cofilin or destrin (Iida et al., 1993), ening. The chemical shifts of Cys-23 and Thr-65 were
assigned with the aid of two measurements of nuclearindicating that functions of cofilin and its isoform are
conserved among eukaryotes. Overhauser effects (NOEs). The nitrogen chemical shifts
of prolines were not assigned.Cofilin binds Ca21-independently to both monomeric
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atoms (N, Ca, C9) at each residue after the best fit super-Table 1. Structural Statistics
position of the intrinsic part of recombinant destrin (resi-
Parameter kSAl (SA)r dues 2–165). Local rmsd values above 1 A˚ were ob-
rmsd from experimental distance served at residues 2–4, 9, 19–29, 42–43, 50, 79–81, and
constraints (A˚) (2250) 0.096 6 0.001 0.095 108–112, and values above 2 A˚ were found only at the
Number of distance constraint
residues 20–22. This region and the second worst re-violations greater than 0.5 A˚ 3–10a 7a
gion, residues 23–27, located themselves together nearMaximum (A˚) 0.77 0.64
FNOE (kcal/mol)b 1038.4 6 28.7 1013.9 the nuclear localization signal (NLS) of destrin.
Frepel (kcal/mol)b 465.3 6 15.6 416.1 Figure 1B shows a ribbon diagram of destrin structure
rmsd from idealized geometry in stereo. Destrin is a globular protein organized by three
Bonds (A˚) (2762) 0.009 6 0.000 0.008 layers. A central b sheet is composed of three antiparal-
Angles (degrees) (5032) 1.16 6 0.04 1.047
lel strands (residues 35–39, 82–90, and 97–106) and oneImpropers (degrees) (1381)c 1.03 6 0.05 0.878
parallel strand (133–138) associated to the strand 97–
kSAl refers to the final set of simulated annealing structures, and 106. This b sheet is sandwiched on one side by a long
(SA)r is the mean structure. The number of terms is given in paren-
a helix (111–128) together with a shorter helix (9–17)theses.
and on the other side by two short helices (68–75 andaThe set of upper bound distance constraints obtained (see Experi-
145–154). All of the four helices are arranged parallelmental Procedures) is tighter than in the generally used three-level
classification (e.g., strong % 2.8 A˚, medium % 3.5 A˚ and weak % 5.0 rather than perpendicular to the b strands. Two addi-
A˚). Hence, several violations greater than 0.5 A˚ remain but posed tional helical loops (26–30 and 57–60) can be detected
no problems. on both sides of the central b sheet. The segments 46–48
bThe value of the square-well NOE potential, FNOE, is calculated with and 54–56 also have extended structures, but both havea force constant of 50 kcal/mol per A˚2. The value of Frepel is calculated
some structural irregularity and could not be defined aswith a force constant of 4 kcal/mol per A˚2 with the van der Waals
b strand unambiguously.radii scaled by a factor of 0.8 of the standard values used in the
CHARMm empirical function. Figure 2 shows the long helix 111–128 and some other
cThe improper torsion term is used to maintain planar geometry and segments in stereo. The two sequences 104–115 and
chirality. 122–128, which correspond to the cofilin sequences
suggested to bind actin (Yonezawa et al., 1991a, 1989),
were located around the N- and C-termini of this long
helix, respectively. The side chains of the charged resi-Side-chain assignments were obtained principally by
dues involved in this helix are shown, although their3D C(CO)NH, HC(C)H-TOCSY, and HC(C)H-COSY and
conformations are not well restrained due to tentativepartially extended using NOE data. All nonexchangeable
assignments of the lysine side chains and insufficientresonances of the intrinsic part of recombinant destrin
NOE information. The side chain of the phosphorylationwere assigned except for Ile-37 Cg1, Ile-47 Cg1, Arg-81
site Ser-3 was found to be located close to the longCg, Cd, and Hg. Chemical shift of Tyr-82 Hh was also
helix, in spite of the large separation between them onassigned unambiguously,but assignments of side-chain
the primary sequence.
atoms of several lysines and arginines were tentative
owing to heavy overlaps. Full details of the assignments
will be published elsewhere. Structural Similarity to Gelsolin Family Domains
Using 2250 distance constraints extracted after as- The cofilin family is distinct from other families of actin-
signments of 3D 15N-edited and 13C-edited NOESY spec- binding proteins in amino acid sequence. However, the
tra, we obtained 20 converged structures from 100 cal- secondary and tertiary structures of destrin were found
culations. A summary of the structural statistics for a to be strikingly similar to those of the unit segments
set of the final structures and for the mean structure is of the gelsolin family, which consists of gelsolin, villin,
presented in Table 1. There were no violations above severin, and fragmin. These gelsolin family proteins con-
0.8 A˚ in any structure, and the number of violations tain six or three tandemly repeated segments, and the
above 0.5 A˚ ranged from 3 to 10. The deviation from ideal single segmentstructures of three proteins have already
bond lengths was 0.009 A˚. These facts imply medium been determined (McLaughlin et al., 1993; Markus et al.,
quality of the structure, considering that our distance 1994; Schnuchel et al., 1995).
constraint set was tighter than those in the typical three- In order to make this comparison quantitative and
level classification (Kohda et al., 1994). objective, we also tried a search for structural similarities
to the known protein folds using the program Dali (Holm
and Sander, 1993) at European Molecular Biology Labo-
Description and Evaluation of the Structure ratory. It revealed that the three-dimensional structure
Figure 1A shows the results of the tertiary structure of destrin was similar to those of villin segment-1 and
determination of destrin. The root-mean-square devia- severin segment-2, which are the only two structures
tion (rmsd) value of the 20 final structures from the mini- belonging to the gelsolin family in the Brookhaven Pro-
mized averaged structure was 0.77 6 0.11 A˚ for the tein Data Bank (Bernstein et al., 1977). The values of
backboneatoms (N, Ca, C9) of residues 4–19 and 34–162, Z-score in Dali were 3.6 and 2.2, respectively, where the
and 1.32 6 0.15 A˚ for the nonhydrogen atoms of the default threshold of Z-score was 2. Subsequently, we
same residue range. These rmsd values also indicate superposed the Cas of destrin residues 35–39, 46–50,
that the structural convergence is of medium resolution. 78–86, and 99–138 to the corresponding Cas of gelsolin
segment-1, villin segment-1, and severin segment-2 andWe also calculated local rmsd values for the backbone
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Figure 1. Tertiary Structure of Destrin
(A) Best-fit superpositions of the backbone
(N, Ca, and C9) atoms of the 20 final structures
of destrin. Amino acid residue numbers are
shown every 10 residues.
(B) Ribbon diagrams of the mean structure of
destrin. The start and end residue numbers
of the a helices/helical loops and b strands
are also shown. Both figures were produced
by the program MOLSCRIPT (Kraulis, 1991)
and shown in stereo. Color changes from red
(N-terminus) to blue (C-terminus). The extrin-
sic N-terminal 9 residues long KI peptide is
not shown, and residues of recombinant des-
trin are numbered so as to match the number-
ing of the intrinsic destrin.
obtained rmsd values 2.2, 2.8, and 2.7 A˚, respectively. tures of destrin, gelsolin segment-1, villin segment-1,
and severin segment-2, and Figure 3B shows the align-In addition, the Cas of destrin residues 9–17 could be
included in the superposition to the gelsolin and villin ment of primary sequences of these proteins or do-
mains. The regions used for superposition included thesegments with rmsd values of 2.4 and 3.0 A˚, respec-
tively, while rmsd values among the three gelsolin family central b sheet and two a helices and covered the major
part of the domain sequences from the gelsolin family.members ranged from 2.0–2.5 A˚. All these results indi-
cate the extent of structural similarity between the two Destrin had additional sequences around the residues
18–31 and 54–70, and at these locations there was oneactin-regulating families.
Figure 3A shows superpositions of the tertiary struc- helix (residues 68–75) and two helical loops (26–30 and
Figure 2. Stereo View of the Long Helix of
Destrin
The backbone (N, Ca, and C9) atoms of the
long helix (residues 111–128) are shown in
green, and the surrounding backbone atoms
are colored dark yellow. The side-chain heavy
atoms of the charged residues involved in the
helix and phosphorylation site Ser-3 are also
shown in ball-and-stick models, in which oxy-
gen and nitrogen atoms are enlarged and col-
ored red and blue, respectively. This figure
was generated by the program MOLSCRIPT
(Kraulis, 1991).
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Figure 3. Relationship between the Cofilin and Gelsolin Families
(A) Superposition of the mean structures of destrin (black) and three members of the gelsolin family (red, gelsolin segment-1; green, villin
segment-1; blue, severin segment-2). We used coordinates provided by McLaughlin et al. (1993), Model 1 in Protein Data Bank entry 1VIL
(Markus et al., 1994), and Protein Data Bank entry 1SVR (Schnuchel et al., 1995), respectively. The regions used for superposition are described
in the text and also shown here in bold lines. Start and end residues of the regions are numbered.
(B) Sequence alignments of destrin and gelsolin family members whose tertiary structures have been solved. Meaningful residues are colored
(green, hydrophobic; red, acidic; blue, basic). Regular secondary structure elements are underlined and boxed by colors (yellow, a helix; light
blue, b strand). The sequences of destrin and gelsolin segment-1 are numbered, and numbering of the latter is adjusted to the plasma-form
corresponding to McLaughlin et al. (1993). Regions used for the superposition in (A) are represented by dotted lines.
57–60). The lengths of these insertions were variable motif because of the variable residue numbers separat-
ing them. The destrin Asp-79 corresponded to theamong members of the cofilin family, and the one close
to the N-terminal helix was totally lost in some members gelsolin Asp-66, which chelated intramolecular Ca21 to-
gether with Glu-97, and the destrin Trp-104 corre-(data not shown). In addition, the orientation of the
C-terminal helix of destrin was different from those of sponded to the gelsolin Trp-88 included in the hy-
drophobic core.the gelsolin family. In the structure of destrin, the space
of the C-terminal helix in the gelsolin family was occu- Destrin has a long helix (residues 111–128) which ap-
pears to correspond to theactin-binding helix of gelsolinpied by the new helix 68–75. Although many NOEs were
observed between residues 89–92 and 156–159, we can- segment-1 (residues 95–112). However, both of the
acidic residue clusters located in the N- and C-termininot discuss the significance of this difference, since
the sequences and lengths were highly variable among of the gelsolin actin-binding helix were replaced with
basic residue clusters in the destrin a helix (Figure 3B).C-termini of the cofilin family (data not shown). In gen-
eral, the foldings of the two actin-regulating families are We interpret these differences as explaining that both
the acidic regions in gelsolin segment-1 include Ca21-extremely similar to each other.
binding sites, thus giving rise to Ca21-dependent func-
tions of gelsolin, while the activity of the cofilin family
is Ca21-independent. In the destrin mean structure, theDiscussion
distance between the Nz atom of Lys-112 and the Od2
atom of Asp-79 is 5.1 A˚, which is close enough for aComparison of Sequences of the Two Families
We aligned the primary sequences of proteins belonging putative salt bridge, considering that the side chains of
these residues are not well restrained. Therefore, twoto the two families on the basis of secondary structures
(Figure 3B). We could detect two residues, Asp-79 and sets of Ca21 plus acidic residue in the gelsolin family
could be functionally equivalent to lysine residues of theTrp-104, almost identical between the two families, al-
though we cannot regard this pattern as a consensus cofilin family.
Tertiary Structure of Destrin
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Figure 4. Actin Binding by Destrin
(A) Model of the complex of actin (green) and
destrin (yellow) made from coordinates of the
complex of actin and gelsolin segment-1
(McLaughlin et al., 1993). Destrin is super-
posed on gelsolin segment-1, as shown in
Figure 3A, and gelsolin segment-1 is hidden.
The actin-binding helix is colored red.
(B) Assumedactin-binding residues in destrin
(top) and actual actin-binding residues in gel-
solin segment-1 (bottom) elucidated by
McLaughlin et al. (1993). Destrin can be re-
lated to Figure 2 by 208 y rotation. The two
molecules are oriented by the superposition
described in Figure 3A. Molecular surfaces
were produced using the program GRASP
(Nicholls et al., 1991) and colored according
to amino acid residue type (yellow, hydropho-
bic; red, acidic; blue, basic; white, others) in-
stead of usual surface electric potential.
Actin Binding many candidate pairs for the two results of depactin
because of the wide ranges of cross-linking sequencesWe cannot easily conclude, from their structural similar-
ity alone, that destrin binds actin similarly to gelsolin of actin and depactin. The closest were the pairs depac-
tin Pro-1 with actin Glu-4 and depactin Glu-9 with actinsegment-1, because severin segment-2, which binds
F-actin and not G-actin, has a similar folding (Schnuchel Lys-373, where the corresponding Ca distances in the
model were 9.1 A˚ and 19.7 A˚, respectively. These dis-et al., 1995); and profilin, actually shown to bind actin
at a subtly different surface (Schutt et al., 1993), carries tances were relatively long, but they would become
shorter by small downward translation and clockwisean actin-binding helix of similar charge distribution to
that of destrin. rotation of destrin relative to actin (data not shown).With
these displacements, destrin approached the profilinHowever, a gelsolin segment-1–like binding mode
seems to be plausible, considering the results of several binding site slightly. Both before and after the displace-
ments, there were some steric clashes between thechemical cross-linking experiments of protein com-
plexes which reveal that the N-terminal residues of a N-terminal residues of destrin and actin subdomain-1,
which might imply some need for induced fits of thiscofilin family member, depactin, could be spatially close
to actin N- and C-terminal residues (Sutoh and Mabuchi, segment.
We can compare most of the individual residues on1986, 1989) and that gelsolin segment-1 could be close
to the same actin N-terminal residues (Sutoh and Yin, the binding site of destrin (Figure 4B, top) with those of
gelsolin segment-1 (Figure 4B, bottom), which actually1989). Another set of experiments reveals that cofilin
Lys-112 or Lys-114 or both must be close to actin resi- contact with actin in the complex (McLaughlin et al.,
1993). The hydrophobic residues Ala-118, Met-115, Leu-dues 1–12 (Yonezawa et al., 1991a). The importance of
Lys-112 and Lys-114 for actin binding has also been 111, and Leu-108 in destrin made a patch similar to that
of gelsolin residues Val-106, Ile-103, Phe-49, and Phe-supported by the results of site-directed mutagenesis
(Moriyama et al., 1992). In addition, two synthetic pep- 149, which is shown in Figure 2b of McLaughlin et al.
(1993). This match implies that the actin-binding helixtides derived fromthe cofilinsequence have been shown
to bind actin. Their sequences are WAPECAPLKSKM in destrin needs to slide down against the actin cleft
by one pitch and get skewed compared with gelsolin(Yonezawa et al., 1991a, 1991b) and DAIKKKL (Yonez-
awa et al., 1989), which correspond to residues 104–115 segment-1, which was implied above by the cross-link-
ing data. Gelsolin Asp-110 matched destrin Asp-122;and 122–128 of destrin, respectively. These sequences
are located on the N- and C-terminal regions of the long and gelsolin Asp-109, which chelated intermolecular
Ca21 together with actin Glu-167, corresponded to thehelix of destrin (residues 111–128).
We built a structural model of the actin–destrin com- lysine cluster of destrin Lys-121, Lys-125, Lys-126, and
Lys-127. Destrin Lys-114 has been shown to be cruciallyplex (Figure 4A) from the structure of the actin–gelsolin
segment-1 complex (McLaughlin et al., 1993) by super- involved in actin binding as well as Lys-112 (Moriyama et
al., 1992), possibly tightening the relatively electrostaticpositionof gelsolin and destrin, using the method shown
in Figure 3A. In this model, the actin-binding helix atta- character of cofilin–actin interaction (Nishida et al.,
1985). It is to be noted that there is a basic residue atches the cleft between actin subdomains-1 and -3, as
shown in the cocrystal of gelsolin segment-1 and actin. this position in each of segments -2, -3, -5, and -6 of
gelsolin, villin, and severin. These comparisons wouldWe measured distances between the possible cross-
linking sites discussed above. The most possible candi- increase the plausibility of the actin-binding mode of
destrin, although we cannot conclude that until the com-date for the cross-linking result with cofilin was the pair
cofilin Lys-112 and actin Glu-4, and the distance be- plex of actin and cofilin family members has been
solved.tween their Cas was 14.1 A˚ on this model. There were
Cell
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Actin-Binding Regulation in Abp-1, which does not contain these lysine residues.
Note also that His-40 has been suggested as essentialActin binding by cofilin and destrin/ADF is known to be
negatively regulated by phosphorylation at Ser-3 (Ag- for actin polymerization, based on chemical modifica-
tion experiments (Hegyi et al., 1974).new et al., 1995; Moriyama et al., 1996). The phosphory-
lation site is spatially close to the actin-binding helix
(Figure 2). The lysine nearest to the Ser-3 is Lys-112, Nuclear Translocation with Actin
and their Ca distance is 7.9 A˚. The phosphate group may Although the NLSor its part of destrinhas been identified
disturb the functions of amino groups of the lysines, (Iida et al., 1992; Abe et al., 1993), it may be classified
perhaps by binding to the amino groups directly or by as a nucleoplasmin-type bipartite sequence (Robbins
repelling the negatively charged surface on actin. Even et al., 1991). The two basic regions separated by seven
fixing the N-terminal residues and their steric clashes residues, 19–22 KVRK and 30–34 KKRKK, are spatially
with actin might provide a possible explanation. Until close to each other, and the separating sequence has
the structure of the phosphorylated state is elucidated, a disordered structure (Figure 1A) similar to that ingluco-
we cannot specify the detailed mechanism, but we feel corticoid receptor DNA–binding domain (Ha¨rd et al.,
it is interesting to compare the calcium regulation in the 1990). This signal is located at the opposite side of actin
gelsolin family with the phosphorylation switch in the contact, which is reasonable for its role of conveying
cofilin family. actin to the nucleus. However, previous results have
PIP2 inhibits the actin binding of cofilin and destrin by indicated that cofilin and destrin are translocated into
competing with actin molecule (Yonezawa et al., 1990). the nucleus only when cells are exposed to stresses
The actin-binding peptide WAPECAPLKSKM has also (Iida et al., 1986; Nishida et al., 1987).
been shown to bind PIP2 (Yonezawa et al., 1991b). Muta- A model has been proposed suggesting that the two
tional analysis shows that the two lysine residues in this basic regions in the bipartite NLSs are recognized in an
bi-functional sequence have somewhat different char- extended conformation by cytosolic factors (Dingwall
acters; actin depolymerization activity is largely reduced and Laskey, 1992), where the number of amino acid
by the mutation of Lys-114 to Gln, while PIP2 binding residues separating the basic clusters is essential for
activity is more reduced by Lys-112 to Gln (Moriyama its presentation. In the case of destrin, dephosphoryla-
et al., 1992). In addition, PIP2 binding is not affected by tion at Ser-3 should be required to detach the N-terminal
Ser-3 phosphorylation (Moriyama et al., 1996), in con- helix from the protein core and to extend the NLS. Al-
trast to the case of actin binding. In gelsolin family mem- though dephosphorylation of cofilin and destrin pre-
bers, the intramolecular calcium-binding site around cedes nuclear translocation (Ohta et al., 1989), it is not
Glu97 discussed above has been suggested to be in- sufficient to induce translocation, for more than 50% of
volved in PIP2 binding (McLaughlin et al., 1993). total cofilin and destrin are unphosphorylated in cells
under nonstress conditions (Moriyama et al., 1996).
Stress-induced lowering of pH (Drummond et al., 1986)
Actin Filament Severing may be another factor essential for induction of nuclear
In the case of the gelsolin family, it is widely accepted translocation, since F-actin fragments could be retained
that single domains cannot sever actin filaments and in cells at pH lower than 7.3 (Yonezawa et al., 1985;
that the cooperativity between F–actin binding and Hawkins et al., 1993; Hayden et al., 1993) and decorated
G–actin binding domains is essential (Matsudaira and with arrays of NLSs of cofilin and destrin.
Janmey, 1988). In contrast, in spite of the single-domain
nature of cofilin, destrin, and ADF, these proteins can
Evolution of Actin Severing/Depolymerizing Proteins
sever actin filaments at higher pH than 7.3; at lower pH,
Elucidation of the tertiary structure of destrin makes it
their actin-severing activities are weak, and they bind
possible to unify two actin-binding protein families, the
to F-actin in a 1:1 molar ratio (Yonezawa et al., 1985;
gelsolin family and the cofilin family, into one actin sev-
Hawkins et al., 1993; Hayden et al., 1993). We expected
ering/depolymerizing protein fold group. Most of the
that histidine residues were involved in the mechanism
characteristics intrinsic to the gelsolin family, such as
of pH-dependent F-actin severing and investigated the
G–actin and F–actin binding activities and phosphoino-
localization of histidine residues on the model of the
sitide binding, are retained in members of the cofilin
actin–destrin complex (Figure 4A). Since there are no
family, which are composed of a single domain. The
conserved histidine residues among members of the
stronger severing activity or additional functions of the
cofilin family, we can concentrate the discussion of the
gelsolin family or both might be the result of gene multi-
actin histidine residues on the putative destrin-binding
plication and differentiation. Since no members of the
surfaces of actin. We found two conserved histidine
gelsolin family have been found in yeast, cofilin, an es-
residues, His-173 and His-371, close to the contact of
sential protein in budding yeast, may substitute for gel-
destrin and actin monomer. In addition, on the F-actin
solin family members. We believe the structural similar-
models (Holmes et al., 1990; Lorenz et al., 1993) there
ity presented here will stimulate discussions between
were three candidates, His-40, His-87, and His-88, on
investigators of the two protein families.
the subdomain-2 of the neighboring monomer. These
histidine residues might be responsible for severing pH
Experimental Proceduresdependency. His-40, His-173, and His-371 were rela-
tively close to destrin lysine residues at the C-terminus Sample Preparation
of the actin-binding helix, and it might be interesting Recombinant destrin expressed from previously described plasmid
pKID-w (Moriyama et al., 1990) consists of an N-terminal KI peptidethat so far no actin-severing activity has been reported
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(TMITPSSGN), a subsequent serine residue in place of the original by a Grant-in-Aid for Scientific Research on Priority Areas from the
Ministry of Education, Science, and Culture of Japan.initiator methionine, and 164 residues from the coding region of
destrin cDNA. Escherichia coli BL21 carrying pKID-w was cultured
Received January 22, 1996; revised May 13, 1996.in labeling medium (13C/15N-substituted M9 plus 1 mg/ml of CEL-
TONE-CN powder, Martek). Preparation of high speed supernatant
of freeze-thaw lysate and hydroxyapatite column chromatography References
were done as described previously (Moriyama et al., 1990). A Dye-
Matrex–Green A column and an SP-Sephadex C-50 column were Abe, H., and Obinata, T. (1989). An actin-depolymerizing protein in
used for further purification of the protein (Giuliano et al., 1988; Abe embryonic chicken skeletal muscle: purification and characteriza-
and Obinata, 1989). Purified destrin was concentrated to 30–60 mg/ tion. J. Biochem. 106, 172–180.
ml in 90% H2O–10% D2O containing 10 mM potassium phosphate, Abe, H., Nagaoka, R., and Obinata, T. (1993). Cytoplasmic localiza-
50 mM KCl, 10 mM DL-1,4-dithiothreitol-d10, 0.01% NaN3 (pH 7.0) tion and nuclear transport of cofilin in cultured myotubes. Exp. Cell
for measurement. Res. 206, 1–10.
Agnew, B.J., Minamide, L.S., and Bamburg,J.R. (1995). Reactivation
NMR Spectroscopy of phosphorylated actin-depolymerizing factor and identification of
All measurements were carried out at 288C on Varian Unity-plus 600 the regulatory site. J. Biol. Chem. 270, 17582–17587.
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